The utility of chemical protein synthesis and semisynthesis to obtain well-defined ubiquitin conjugates to study various aspects of deubiquitinases is reviewed. Chemical and semisynthetic approaches to study and target deubiquitinases Pushparathinam Gopinath, Shimrit Ohayon, Mickal Nawatha and Ashraf Brik* Ubiquitination is a key posttranslational modification, which affects numerous biological processes and is reversed by a class of enzymes known as deubiquitinases (DUBs). This family of enzymes cleaves mono-ubiquitin or poly-ubiquitin chains from a target protein through different mechanisms and mode of interactions with their substrates. Studying the role of DUBs in health and diseases has been a major goal for many laboratories both in academia and in industry. However, the field has been challenged by the difficulties in obtaining native substrates and novel reagents using traditional enzymatic and molecular biology approaches. Recent advancements in the synthesis and semisynthesis of proteins made it possible to prepare several unique ubiquitin conjugates to study various aspects of DUBs such as their specificities and structures. Moreover, these approaches enable the preparation of novel activity based probes and assays to monitor DUB activities in vitro and in cellular contexts. Efforts made to bring new chemical entities for the selective inhibition of DUBs based on these tools are also highlighted with selected examples.
Introduction
The function and cellular localization of most proteins are regulated by numerous types of posttranslational modifications (PTMs), which are carried out, after the translation step, by various enzymes (e.g. kinases and methyltransferases). 1 Ubiquitination is an example of one of the highly used PTMs in eukaryotes and involves the attachment of a ubiquitin (Ub) monomer or a poly-Ub chain to a target protein. Three enzymes, namely E1, E2 and E3, efficiently catalyze this process in an ATP dependent manner. 2, 3 Ubiquitination has been mainly studied in protein degradation, 2, [4] [5] [6] however several recent studies have also documented the involvement of ubiquitination in various non-proteolytic signals such as in chromatin remodeling and DNA repair. [7] [8] [9] [10] Remarkably, Ub chains are assembled through the attachment of any of the seven Lys residues in Ub via an isopeptide bond with the consecutive Ub, hence forming various types of homogeneous, heterogeneous or mixed chains depending on the Lys residue(s), which is involved in isopeptide bond formation. 11, 12 In addition, linear chains where the N-terminal amine of Ub is linked to the C-terminal Gly of the subsequent Ub via an amide bond are also known. Another layer of complexity that expands the Ub landscape is different possibilities of anchoring sites on the target protein, which leads to the formation of various types of Ub conjugates, 11, 12 e.g. mono-ubiquitination, multiple mono-ubiquitination and polyubiquitination. The formation of various types of Ub chains with different lengths and connectivities underscores the diverse regulation of many biological processes in health and disease. Like many PTMs, ubiquitination is a reversible process and tightly regulated by a family of enzymes called deubiquitinases (DUBs). [13] [14] [15] DUBs play multiple roles in Ub signaling and are involved, among the many functions, in maintaining a pool of stable free Ubs in cells (Fig. 1) . 15 Once the target protein undergoes ubiquitination, it could then take various possible pathways by the action of DUBs; namely (i) editing, where ubiquitination and deubiqutination work in concert to alter the Ub signal and change the fate of the substrate, for example, from a degradative to a non-degradative process or vice versa; 16 (ii) rescuing the protein from the specific fate (e.g. degradation) by cleaving Ub or Ub chains; 17 (iii) preventing poly-Ub chains from degradation along with the substrate during proteasomal degradation; 17 (iv) processing pro-Ub -as a mono-Ub or linear chain -to active Ub; 17 and (v) recycling trapped Ub by undesired reactions with cellular nucleophiles such as glutathione into the cellular Ub pool. 18 
Classification of DUBs
Approximately 100 putative DUBs are known and broadly classified into five different subclasses, namely Ub C-terminal hydrolase (UCH), Ub specific protease (USP), ovarian tumor protease (OTU), Josephin/Machado-Joseph disease protease (MJD) and JAB1/MPN/MOV34 metalloenzyme (JAMM). [13] [14] [15] This classification is based on sequence homology, the mechanism of action and the structure of the catalytic domain. 19 The majority of DUBs fall under the USP family, which contains B70 members with variable sizes (300-800 residues). The UCH family is composed of four DUBs known as UCH-L1, UCH-L3, UCH-L5/UCH37 and BAP1. Similarly, the MJD family also has four members known as Ataxin3, Ataxin3L, JOSD1 and JOSD2, each containing B180 residues. There are 15 members in the OTU family, where DUBs from this family contain B180 residues. The JAMM metalloprotease family is composed of eight DUBs known as POH1, AMSH, AMSH-LP, BRCC36, CSN5, MYSM1, PRPF8 and MPND. DUBs operate in two different mechanisms, in which four out of the five families are papain like Cys-proteases, while the fifth belongs to zinc metalloproteases. In Cys-proteases, the catalytic triad consists of two (Cys and His) or three amino acids (Asn/Asp), which are involved in the mechanism of hydrolysis. 15, 20 Here, the catalytic process is initiated by proton abstraction from the catalytic Cys by the His side-chain, thereby facilitating the nucleophilic attack of the Cys on the carbonyl carbon, resulting in a thioester intermediate (Fig. 2a ). This step is followed by the formation of an oxyanion hole bearing negative charge on the carbonyl oxygen, which is often stabilized by hydrogen bond donating residues (Asn/Asp). Finally, the thioester is hydrolyzed by a water molecule to complete the catalytic cycle. Structural insights into the mechanism of the hydrolysis of Lys63-linked di-Ub by JAMM were recently elucidated (Fig. 2b) . 21 Here, in the initial step of hydrolysis, the catalytic zinc is coordinated by two His residues: Asp and a water molecule. Abstraction of the
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proton from the zinc-bound water facilitates its nucleophilic attack to form an oxyanion hole, which is stabilized by hydrogen bonding with the nearby Ser residue. Finally, this intermediate collapses leading to the hydrolysis of the isopeptide bond.
Structural aspects of DUBs
DUBs are unique in the sense that they bind to large surfaces via their Ub binding domains (UBDs). [22] [23] [24] In addition, major alterations in their conformations occur during the binding step with their substrates. 17 DUBs from the UCH family cleave mainly small adducts from the C-terminus of Ub. 18, 25 One of the most studied enzymes in this class is UCH-L3 whose structural features are presented in Fig. 3a . The active site of UCH-L3 is covered by a loop, which dictates the size of the substrate to be processed. 26 Upon binding to the Ub substrate, major conformational changes occur in the loop that covers the active site, thus ensuring substrate selectivity (Fig. 3a) .
The overall structure of USP is divided into three domains, namely the palm, thumb and finger. The structure of USP7 with and without Ub is presented in Fig. 3b . The active site lies between the palm and thumb domains, while the finger domain is responsible to hold the distal Ub. Some USP members are found in nonproductive conformation in the free form.
14 However, upon Ub binding they undergo major conformational changes, thus shifting from the inactive to the active conformation. Such conformational behavior could also lead to changes in the pK a of the catalytic Cys as was reported for USP7. 27, 28 The OTU core domain consists of five b-sheets surrounded by two helical domains, in which their sizes differ among the family members. 17 These DUBs contain the conserved Cys, His, and Asp residues, which define the putative catalytic triad of Cys-proteases. The crystal structure of the yeast Otu1 catalytic domain reveals two globular parts, which come together to form the Ub binding site (Fig. 3c) . 29 Like the USPs, OTUs also undergo conformational changes from the inactive to active conformation upon Ub binding. On the other hand, this family has a high degree of Ub chain linkage specificity compared to the USP family. 30 Among the four members of the MJD family, Ataxin3 (ATXN3) and ATXN3L, each contains two tandem Ub interacting motifs (UIMs) in their C-terminal region, in addition to a third UIM in the ATXN3. 34 ATXN3 is the best studied member in this family, while the other members remain poorly characterized. The structure of ATXN3 features an extended helical arm that is proposed to regulate the access of the substrate to the active site (Fig. 3d ). 33 Furthermore, structural studies of ATXN3 bound to Ub revealed that it can bind two Ub molecules simultaneously. 
29
(d) The solution structures of ATXN3 in the absence (PDB: 2AGA) 32 and in the presence of Ub (PDB: 2JRI). 33 (e) The structures of the catalytic domain of AMSH-LP in the absence of Ub (PDB: 2ZNR) and in a complex with Lys63-linked di-Ub (PDB: 2ZNV). 21 Figures were generated using Chimera.
The fifth family consisting of the JAMM proteases represents the metalloproteases, which contain two zinc ions with a highly conserved His-X-His-X7-Ser-X2-Asp motif that binds Zn 2+ , where X is non-conserved amino acid. 35 The zinc ion activates water molecules to attack the isopeptide bond between the Ub and its substrate. The crystal structure of AMSH-LP bound to Lys63-linked di-Ub represents the first example of such a structure for DUBs in general and reveals the molecular basis of the specificity of this DUB towards this chain (Fig. 3e) . 21 
Substrate recognition and specificity
The structures of DUBs include several UBDs, such as UIM and UBA, which regulate the activity and specificity towards different substrates. [22] [23] [24] The interactions between Ub and DUBs are mediated by the hydrophobic patch in Ub (Leu8, Ile44 and Val70) and the surrounding residues (Fig. 4a) . Another important factor that plays a key role in the specificities of DUBs is the conformation of the Ub chains, which are known to adopt different conformations varying from an open to a closed conformation (Fig. 4a) . 36 For example, a Lys48-linked di-Ub chain adopts a closed conformation, where the hydrophobic patches of the Ub monomers interact with each other to form a compact structure. 37, 38 On the other hand, the Lys63-linked di-Ub chain
adopts mainly an open conformation, where the Ubs in the chain do not interact with each other (Fig. 4a) . 39 These differential linkages can be recognized by different UBDs, which dictate the specificity of DUBs. For example, UBA is specific for the Lys48 linkage while UIM is specific for the Lys63 linkage (Fig. 4b) . [40] [41] [42] There are several examples of DUBs where UBDs determine the specificity toward different substrates. For example, through NMR studies, the ankyrin repeat domain -an extended site of an OTU domain in TRABID enzymes -was found to serve as a Ub interacting site (AnkUBD), where the hydrophobic surface of ankyrin interacts with Ile44 from the hydrophobic patch of Ub. 48 In the absence of AnkUBD, TRABID exhibits efficient activities toward Lys29-, Lys33-, Lys48-and Lys63-linked di-Ub chains in addition to a weak activity towards Lys6-and Lys11-linked di-Ub chains. The addition of the AnkUBD domain leads to specific hydrolysis of Lys29-and Lys33-linked di-Ub chains, which highlight the importance of UBD for the observed specificity.
The roles of DUBs in cellular pathways
The significant roles of DUBs in various cellular processes are now well documented and new functions continue to emerge from several academic and industrial research groups. DUBs are involved in degradative and non-degradative signaling such as protein trafficking, gene transcription, DNA repair and replication. 49 The involvement of DUBs in protein degradation is attributed to the presence of three different DUBs in the proteasome machinery: USP14, UCH-L5/UCH37 and Rpn11. [50] [51] [52] Thus, targeting any of the three DUBs could have a direct influence on the fate of proteins. The role of DUBs in nondegradative signaling is illustrated with a representative example as follows. USP1 is important in the DNA damage response (DDR) pathway, where it acts on two DNA damage related proteins, namely proliferating cell nuclear antigen (PCNA) and fanconi Fig. 4 The structural elements in Ub and Ub chains that dictate DUB specificities. (a) The structures of Ub (PDB: 1UBQ) 43 and various di-Ub chains anemia group D2 protein (FANCD2). 53 The knockdown of USP1 in cells leads to the accumulation of mono-ubiquitinated FANCD2, further resulting in DNA damage repair. 54 The two DUBs, namely CYLD (a member of USP family) and A20 (metalloproteases), are known to be involved in regulating the NF-kB signaling. 55, 56 Mutations in CYLD lead to the dysregulated action of NF-kB, whereas A20 is needed for the termination of the NF-kB activation signal. Considering the role of NF-kB in innate and adaptive immune response, it is not surprising that CYLD and A20 are involved in its regulation. 49 It is now clear that the aberration in DUB functions leads to various diseases. For example, different studies have shown that DUBs, especially from the USP family, are regulating various important oncogenic proteins such as the tumor suppressor p53 and its ligases MDM2 and MDMX. 57 For example, USP7
deubiquitinates p53 as well as its ligases (MDM2 and MDMX) and serves as a regulator for p53 levels directly by acting on p53 itself or indirectly on MDM2/MDMX. 58 On the other hand, USP2
regulates the p53 pathway by acting only on MDM2. 59 This is supported by studies where the knockdown of USP2 in prostate cancer cell lines leads to the accumulation of the p53 protein. 59 Together, these studies support that the inhibition of these DUBs can be a novel approach to target cancer. The involvement of DUBs in the survival of viruses also makes them possible targets in viral diseases. 60 For example, Epstein Barr nuclear antigen 1 (EBNAI), the regulator of both transcription and replication of the Epstein-Barr virus (EBV), interacts with USP7 in a similar way USP7 does with p53, thus preventing the deubiquitination of p53. 61 As a result, the degradation of p53 is facilitated thereby preventing the apoptosis of virus-infected cells. The role of DUBs in neurodegenerative diseases is also well documented. For example, UCH-L1 is highly abundant in brain and found to be connected to several neurodegenerative diseases (e.g. Alzheimer's and Parkinson's diseases). 62 It has been shown that UCH-L1 exhibits the Ub ligase activity and promotes the aggregation of a-synuclein -a protein that is associated with several neurodegenerative diseases. 63 Moreover, like a-synuclein, UCH-L1 was also found to be localized in Lewy bodies, the hallmark for Parkinson's disease. 64 The association of a large number of DUBs in various cellular processes undoubtedly illustrates the high importance of DUBs in human health. Hence, DUBs are emerging as attractive targets, as can also be learned in dedicated reviews related to cancer, [65] [66] [67] [68] neurodegenerative 69, 70 and antiviral therapeutic areas. 60 
Challenges in studying and targeting DUBs
Despite various impressive developments in the ubiquitination and deubiquitination fields, a comprehensive understanding of these complex processes is still lacking. Moreover, the characterization of the cellular substrates for DUBs is still in its infancy, which creates more challenges when attempting to target a particular DUB. Even when knowledge exists on a specific substrate, in many cases we lack full understanding of the detailed interactions with its DUB. It is also mandatory to have knowledge on DUB levels in normal and abnormal cells in order to understand more about their role in disease states.
Additionally, DUBs are regulated by various PTMs, which further increases the complexity in studying and targeting them. 71, 72 For example, the activity of the NF-kB associated DUB, CYLD, is regulated by both phosphorylation 73 and SUMOylation. 74 Finally, developing new drugs against DUBs in the presence of a plethora of various other proteases, which are largely investigated in various diseases, requires understanding the molecular basis of DUB-inhibitor interactions.
One of the main challenges to address several of these questions has been the lack of homogeneous Ub based conjugates in high purity and large quantities. These could serve as novel reagents for different studies such as determining the specificities of DUBs and to monitor their activities as well as to determine their structures with cellular substrates. This review highlights the recent developments in the chemical and semisynthesis of well-designed Ub based reagents to assist in studying DUBs. Emphasis will be given on the synthesis of novel reagents and how they are aiding detailed analyses of the effect of the linkage types and lengths of the Ub chains on the specificity and recognition of DUBs. Moreover, we cover the development of activity-based probes useful in various studies such as discovering new DUBs and examining the cellular effect of a specific inhibitor on a particular DUB. We also cover the development of assays useful in finding novel inhibitors for this group of enzymes. A brief survey of the current inhibitors for DUBs that are associated with different diseases is also included.
Synthesis and semisynthesis of Ub conjugates

Challenges and motivation
Probing the mode of action, recognition and inhibition of DUBs is an important step for better understanding their roles in biological processes and ultimately in disease states. The preparation of Ub conjugates in order to study the different aspects of DUBs is thus required. Such conjugates can be prepared either enzymatically or by using chemical and semisynthetic approaches. Enzymatic synthesis of Ub chains and ubiquitinated proteins requires the judicious choice of E2/E3 enzyme pairs, which are not known or available for many of these targets. Even if a particular enzymatic pair is known and available, it is quite difficult in vitro to control the length of the growing Ub chain and the site of ubiquitination in the protein substrate. This often leads to a mixture of Ub conjugates, which makes it very difficult to understand various aspects of the Ub signal at the molecular level. One approach to overcome this, when using enzymes, is by mutating native Lys residues in Ub to Arg, which could affect the properties of the native protein. Hence, the accessibility of Ub conjugates (e.g. poly-Ub, Ub-based probes) in high purity, homogeneity and workable quantities became the limiting step in various studies.
In order to overcome these limitations, organic chemists and chemical biologists have developed a variety of tools to enable the preparation of several types of Ub conjugates. These approaches not only enable the access to native structures but also for novel analogues labelled with fluorophores and unique functionalities. Hence, Ub conjugates with high complexity such as activity-based probes, and free or anchored poly-Ub chains to protein substrates could also be prepared. These developments are being used to understand the function, specificity, structure and inhibition of DUBs.
Ub analogues
Access to Ub and its conjugates was achieved mainly through three approaches, namely transpeptidation, intein and total chemical synthesis. Transpeptidation was for a while the method of choice to prepare Ub analogues via selective cleavage of Ub at Arg74 and the incorporation of C-terminally modified Gly-ester for subsequent manipulation to generate a C-terminally modified Ub (Fig. 5a) . 75 In the intein based approach, a Ub mutant (Gly76Cys) is fused to intein, which is immobilized on chitin beads. N-S acyl transfer of Ub mutant occurs upon activation (Fig. 5b) and ligation approaches (Fig. 5c) . SPPS is mainly effective for the preparation of relatively short peptides (30-40 residues). 77 In order to overcome the size limitation in polypeptide synthesis, chemoselective ligation approaches were developed. 78, 79 Native chemical ligation (NCL) is considered the method of choice when attempting the ligation of unprotected peptides. 80 In NCL, a chemoselective reaction occurs between the C-terminal thioester of one peptide and the N-terminal Cys of the second peptide to form the native amide bond. The need for a Cys residue at the N-terminal peptide has limited the scope of NCL for the synthesis of proteins that lacks Cys residues or has non-strategically placed Cys, which is known to be one of the rare amino acids in nature. In order to expand the scope of NCL for the synthesis of proteins, various thiol-modified amino acids were developed to enable ligation, which upon desulfurization results in the unmodified ligation junction. 81, 82 With more than 11 amino acids modified at b, g or d positions with a thiol handle, it has been possible to assemble the protein of choice with less synthetic barriers. Another important development in NCL based methods is related to the installation of a C-terminal thioester functional group by using Fmoc-SPPS, which is limited due to the basic conditions employed during the Fmoc deprotection steps. Various approaches to prepare this synthetic intermediate via Fmoc-SPPS were reported; some of these are routinely being used in protein synthesis. 83 One such approach is based on the use of a 3-Fmoc-4-diaminobenzoic acid (Fmoc-DBZ) linker, which can be coupled to the resin and elongated with the target peptide. 84 Once the synthesis is completed, the DBZ can be converted to an excellent leaving group, N-acyl-benzimidazolinone (NBZ), which by thiolysis can be converted to the thioester functionality. These advancements made it possible to synthesize Ub and its analogues either via a fragment approach or full synthesis using Fmoc-SPPS. Ramage and coworkers reported the first total synthesis of Ub using Fmoc-SPPS. 85, 86 The one pot NCL approach developed by Kent and coworkers enabled the synthesis of Ub from three fragments. 87 Despite the advancements in the total synthesis of Ub, access to C-terminal modifications demanded to device new strategies to obtain the required Ub conjugates in milligram quantities for various biochemical studies. For example, the synthesis of Ub thioesters was achieved through two peptide fragments and by employing N-methylcysteine as a latent thioester group. 88 The required fragments, Ub(1-45)-thioester and Cys-Ub(47-76)-N-methylcysteine, were synthesized using Fmoc-SPPS. While the Ala46Cys mutation in the N-terminal fragment enabled NCL with Ub(1-45)-thioester to give Ub(1-76)-Nmethylcysteine, the C-terminal N-methylcysteine enabled thioester formation by employing mercaptopropionic acid (MPA) under acidic conditions. Improved synthesis of the full length Ub was also made using the Fmoc-SPPS method on Wang, chlorotrityl or Rink amide resins. 89, 90 In order to make C-terminal analogues, for example, Ub was synthesized on the acid labile trityl resin. Taking advantage of the mild deprotection conditions (HFIP/DCM), the peptide was cleaved from the resin while keeping the protecting groups intact. 89 This made it possible to couple the free C-terminus acid with the desired nucleophiles, which was followed by global deprotection using trifluoroacetic acid (TFA). Using the above-described approaches, novel Ub analogues, highly relevant to DUB studies, were prepared and will be discussed in the following sections.
Activity based probes
In order to study DUBs in natural systems, one has to develop various tools to study their function. In this context, activity based probes (ABPs) have been developed to study DUBs in cellular contexts among several other studies. 91, 92 ABPs mimic the natural substrates of DUBs, however bearing a reactive moiety nearby the scissile bond, which can react with the catalytic Cys of the targeted DUB and form a covalent adduct. The key advantage of activity-based protein profiling over traditional methods, besides avoiding the isolation of the target protein, is the reliance on studying the target enzyme based on its catalytic activity and not on its expression level. 92 In the design of an ABP three main parts must be considered: (1) the targeting element, (2) the warhead and (3) the recognition tag (Fig. 6a) . 93 In order to achieve the specificity of DUBs in a pool of proteins, Ub has been used as the targeting element since it is a major part of the natural substrate. In addition, the warhead, which is generally a reactive functional group, has to be appropriately positioned in order to react with a nucleophilic thiol. The recognition tag is used to visualize the trapped DUBs. While probing the mechanism of UCH, it was found that Ub-aldehyde (Ubal) forms an irreversible complex with the protein and inhibits its action. 94 The 1,2 addition of the thiol group to aldehyde resulted in a stable protein complex, which prompted others to utilize Ubal as an ABP. 95 During previous studies to understand the editing role of isopeptidase, 125 I-labelled Ub-nitrile was first used as an ABP. 96 This successful inhibition with the nitrile-based probe, via the 1,2 addition of catalytic Cys on the nitrile group, triggered the search for even more efficient ABPs. Borodovsky et al. explored the synthesis and utility of Ub vinyl sulfone (UbVS) as an ABP to label DUBs to shed light on the association of USP14 with the 26S proteasome. 50 The required C-terminal modified Ub was made using the transpeptidation approach. Trypsin digestion of Ub followed by purification and treatment with hydrazine gave Ub(1-75)-NHNH 2 , which was further oxidized using nitrous acid leading to Ub(1-75)-N 3 . Treatment with Gly-vinyl sulfone led to the formation of the desired probe. The ABP was enriched with 125 I
(radioiodinated with Na 125 I) for the direct visualization of the trapped DUBs in the crude cell extract. The probe is mechanism based leading to an irreversible mode of labelling of DUBs by the reaction of catalytic Cys with the vinyl sulfone. This leads to the formation of a stable thioether linkage, which is compatible under routine SDS-PAGE conditions, in contrast to the product obtained with the Ubal. Using this probe, 6 out of 17 putative DUBs from a yeast cell extract were labelled. On the other hand, the labelling pattern in the mammalian cell extract reflected a larger number of USPs and UCHs than yeast. As expected, the labelling of DUBs exhibited different patterns depending on the used tissue source, where the expression and the activation levels of DUBs can be different. In this study, it was also found that the labelling of USP14 is inversely proportional to the proteasome activity, which provided further evidence of the connection between USP14 and the proteasome.
In a later study, the same group used the hemagglutinin (HA)-tag to enable visualization. 76 The shift from audioradiography to the HA-tag not only made the visualization of the labelled DUBs more convenient but also was used to perform immunoprecipitation to identify the labelled DUBs. In order to improve the labelling efficiency of the probes, warhead groups with varying electrophilicity were introduced and the labelling propensity of DUBs was studied. 76 Hence, the required HA-UbMES was made using the more efficient intein approach and several other probes with different C-terminal warheads were synthesized, such as bromoethyl (HA-UbBr2), vinyl methyl sulfone (HA-UbVS), vinyl methyl ester (HA-UbVME) and vinyl cyanide (HA-UbVCN) (Fig. 6b ). The labelling efficiency of each probe was tested against cell extracts from EL4 mouse thymoma cell lines. HA-UbVME labelled USP11, 12, 13, 25, 28 and CYLD1, in addition to those that were labelled by HA-UbVS, making it the most efficient probe. The application of this ABP was further demonstrated by the identification of M48(USP) DUB, which does not have sequence similarity with other known DUBs. 97 In order to decrease the complexity of the ABP probes, peptides with varying lengths derived from the C-terminal of Ub were tested. 98 Though 12-mer peptide (Z-STLHLVLRLRGG-VS) was found to be reactive with UCH-L3, the full Ub structure was needed for efficient and selective recognition by DUBs. Increasing the electrophilicity of the warhead could lead to the labelling of more DUBs in the cell extract. Thus, second generation ABPs were designed and prepared using the intein approach, which included Ub-vinylethoxysulfone (Ub-OEtVS), Ub-b-lactone (Ub-Lac) and Ub-2,6-trifluoromethylbenzyloxymethylketone (Ub-TF 3 BOK) (Fig. 6b) . 99 A comparative assessment of these probes was made with HA-UbVME, which showed a broader labelling pattern from the first generation ABP. These results indicated that HA-UbVME is still the most efficient probe for DUB profiling. The increased electrophilicity was not reflected in higher reactivity, which might be due to rapid hydrolysis of the more reactive probes during the labelling reaction. 99 It is noteworthy to mention that the selectivity of first generation Ub-ABPs towards DUBs over other Ub interacting enzymes like E1 and E2 was observed due to the low affinity of these enzymes for the free Ub. 76 However, increasing the electrophilicity of the second generation Ub-ABPs enabled the detection of several Ub interacting enzymes, including HECT domain containing proteins. 99 The importance of ABPs has not been limited only to identifying new DUBs but also for the comparison of DUB activation and expression levels in normal and disease states. 100 Using HAUbVME and HA-UbBr2 ABPs, the activity based profiling of DUBs in normal, virus-infected and malignant human cells was studied. Upregulation of several USPs (USP7, 9, 13, 15 and 22) was found in virus infected and mitogen activated cells, which makes them potential drug targets for the development of novel therapeutics. During the synthesis of propargylated-Ub (Ub-Prg), as a precursor for click chemistry, Ovaa and coworkers surprisingly found that UCH-L3 was inhibited stoichiometrically by treatment with Ub-Prg (Fig. 6c) . 101 Through X-ray crystallography the group found that the irreversible inhibition is due to the nucleophilic addition of the DUB active site Cys to the b-carbon of the terminal alkyne resulting in the vinyl thioether. The scope of this probe was further extended to all the four families of Cys DUBs. When compared with the labelling efficiency with Ub-VME in cell lysates, Ub-Prg labelled more DUBs under identical conditions. In particular, this probe was able to label A20, which was not reactive with other Ub-based ABP. The Mootz group simultaneously found that when they append the propargylic group instead of C-terminal Gly of SUMO or Ub, a similar observation was made as to the reactivity of the alkyne towards the catalytic Cys residue of SUMO protease, Senp1. 102 These results also highlight that terminal alkynes may not be as innocent as they have been often thought when click chemistry is applied in a cellular environment. 103 The reactive Ub-thioester prepared via the intein approach is limited in terms of the type of tags attached with the probe. To circumvent this, total chemical synthesis of various ABPs with various modifications at the N-and C-terminal of Ub was demonstrated by Jong et al. 104 The incorporation of various tags (e.g. HA and Biotin) and the flexibility to introduce various linkers in the desired position and the conjugation of various electrophilic warheads were also demonstrated. These ABPs based on mono-Ub were further extended to di-Ub based probes and will be discussed in Section 2.7.
Strategies to construct the isopeptide bond in Ub conjugates
In order to probe the specificity, mechanism and recognition of DUB native substrates, one has to construct the Ub chains and ubiquitinated peptides/proteins with the native isopeptide bond within the chain and between the substrate and the proximal Ub. The strategies to make this isopeptide bond through semisynthetic and synthetic approaches are referred as non-enzymatic approaches. There are different ways available to make the isopeptide linkage. The first approach that was developed was based on the photolabile auxiliary mediated isopeptide bond formation (Fig. 7a) . 105 A proof of concept was demonstrated with the 11-mer peptide from the C-terminal of H2B histone. The Lys was acetylated using bromoacetic acid under DIC conditions, which can be displaced by the free amine of the photolabile auxiliary under basic conditions (Fig. 7a) . NCL with Ub(1-75)-MES resulted in the desired native isopeptide bond formation and upon exposure to photolytic conditions (UV, 325 nm) it led to the removal of the auxiliary to give the Ub conjugate with the native isopeptide bond. One drawback of this method is the slow rate of the ligation reaction, which required several days to give the desired product in a moderate yield. Recent addition to this auxiliary based approach was reported by Weller et al. where they utilized 2-(aminooxy)ethanethiol as an auxiliary, which can be removed under denaturating conditions in the presence of Zn. 106 This approach facilitates NCL to occur within 12 hours and was further expanded to SUMOylation. One interesting aspect of this approach is the possibility to create stable Ub conjugates against the action of DUBs by leaving the auxiliary attached (see further discussion on the stable Ub conjugates in Section 2.6).
The second method relies on the usage of thiol-modified Lys (i.e. g-mercaptolysine and d-mercaptolysine) 89, [107] [108] [109] to facilitate efficient isopeptide chemical ligation (ICL). Here, orthogonally protected g/d-mercaptolysine is incorporated into the desired position during SPPS, which upon side chain deprotection provides the site for ICL (Fig. 7b) . Subsequent isopeptide bond formation and desulfurization afford the Ub conjugate in the native form. These synthetic tools have enabled access to highly complex ubiquitinated targets, useful for studying DUBs and the ubiquitin signal in general. The third method of generating an isopeptide linkage is based on genetically encoded orthogonal protection and activation ligation (GOPAL) (Fig. 7c) . 45 The site-specific Lys residue required for the isopeptide bond formation is incorporated as tert-butyloxycarbonyl-Lys (Boc-Lys) and the rest of the Lys residues are protected orthogonally with benzyloxycarbamate (Cbz).
Removal of the Boc protecting group enables isopeptide bond formation with a Cbz-protected Ub-thioester using AgNO 3 / HOSu. Global Cbz deprotection results in Ub conjugates in the native form. The fourth strategy relies on the use of orthogonally protected Fmoc-Lys-(ivDde)-OH (ivDde: 1-[4,4-dimethyl-2,6-dioxo-cyclohexylidene]-3-methylbutyl) (Fig. 7d) . 110 This method not only enables rapid synthesis of Ub conjugates with a native isopeptide bond but also bypasses the usage of precious building blocks e.g. d-mercaptolysine. The Fmoc-Lys-(ivDde)-OH is positioned in the specific location during SPPS. The protecting group can be then removed by applying 5% hydrazine in DMF solution on the solid support, which gives rise to the free amine on the side chain of the Lys. This can be then elongated using standard SPPS with the C-terminal fragment of Ub, Ub , while installing the isopeptide bond on the solid support. Ligation with the 
Synthesis of ubiquitinated peptides
Studying the efficiency of cleaving a native isopeptide bond in semisynthetic ubiquitinated peptides by DUBs was first demonstrated with UCH-L3, which is known to cleave small adducts from the C-terminal of Ub. 18, 25 In an earlier study reported by
Mishagi et al. Ub conjugated to a 13-mer peptide from the surrounding of Lys48 was prepared. 25 The Ub part, which contains an HA tag, was expressed while the peptidic part with a biotin tag was made using SPPS. The formation of the isopeptide bond was carried out using the E1 and E2-25K enzymes. The activity of UCH-L3 was addressed by western blot analysis, which showed efficient hydrolysis of the isopeptide bond. Nevertheless, this method of preparing ubiquitinated peptides with a native isoform is limited due to the low yield of the E1-E2 reaction and the lack of generality of this approach. The above-described synthetic approaches to prepare Ub conjugates with a native isopeptide bond afforded precious and diverse substrates to study DUBs. Our lab, for example, used the expeditious synthesis method to prepare different ubiquitinated conjugates bearing peptides of different lengths to study the preference of UCH-L3 to the peptide size. 110 The hydrolysis of the ubiquitinated peptides was monitored by LC-MS in which UCH-L3 showed clear preference for the shorter peptides (up to 20 amino acids).
To explore the activities of DUBs with ubiquitinated peptides, Sixma and coworkers reported the synthesis of 14-mer peptides labelled with tetramethylrhodamine (TAMRA) and linked to Ub employing d-mercaptolysine. 27 These ubiquitinated peptides comprised the close residues for each one of the seven Lys residues in Ub, as an approach to mimic the di-Ub chains. These Ub conjugates were tested for their activities and specificities toward various DUBs and their variants. The study revealed that the ubiquitinated peptides do not exhibit similar behaviors to di-Ub chains highlighting the importance of the entire composition of the substrate when testing the activities and specificities of DUBs.
Synthesis of di-Ub chains
Identifying the cellular targets of DUBs and gaining more insights into their mode of recognition of Ub chains will assist in further determining the cellular roles of DUBs and for future developments of novel modulators. A major progress in the field has been achieved by expanding the chemical toolbox for the synthesis of conjugates beyond mono Ub. These tools were further exploited in the synthesis of native di-Ub chains and their analogues (Fig. 8) . 45, 89, 108, [111] [112] [113] [114] [115] The access for such constructs made it possible for better understanding the DUB preference to different types of Ub chains, besides the wellstudied Lys48-and Lys63-linked Ub chains and to shed light on structural elements that can influence DUB activities. The synthesis of di-Ub chains has been achieved using different methods, which were developed for constructing the isopeptide bond (Section 2. 89, 112 The Ub-thioester could be obtained chemically, enzymatically or semisynthetically (Fig. 8a) . Chin and coworkers used the GOPAL method in order to synthesize the non-canonical di-Ub chains, linked through Lys6 or Lys29. 45 The accessibility for these atypical chains enabled structure determination of the Lys6-linked di-Ub, which exhibited a compact and different structure from the known di-Ub structures. In addition, the authors compared the activity of Lys6-and Lys29-linked di-Ub chains and the well-characterized Lys48-or Lys63-linked di-Ub chains against a panel of eleven DUBs. From this study, TRABID was found to be the selective DUB for the Lys29-linked di-Ub chain. Sixma and coworkers used synthetic native di-Ub chains to study DUB specificities. Specifically, the authors studied the linkage preference of 12 DUBs from the USP family 27 and found that all these DUBs have almost no preference toward any specific linkage type, but rather some changes in the efficiency of the hydrolysis were observed. For example, USP7 exhibited the modest activity with Lys27-or Lys29-linked di-Ub chains compared to other linkage types and no activity with the linear chain. On the other hand, USP16 was found to cleave efficiently all Lys-linked di-Ub chains. 27 Although most of the USPs do not exhibit linkage preference, it is known that CYLD prefers the Lys63 linkage 116 while USP14 prefers the Lys48 linkage.
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It has been recently shown that Ub undergoes phosphorylation at Ser65 by PINK1 (PTEN induced putative kinase 1), which activates the PARKIN, E3 ligase [118] [119] [120] and is linked to the clearness of damaged mitochondria (i.e. mitophagy). Activated PARKIN was found to promote the synthesis by increasing the content of Lys6-, Lys11-, Lys48-and 63-linked Ub chains.
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Phospho-Ub was found to be recognized by the E1 and can be activated in a similar manner to Ub to form phosphorylated Ub chains by selected E2 and E3. Phosphorylated Ub chains are made either by the activity of PARKIN that uses phosphorylated Ub or by the activity of PINK1 on Ub chains. 121 This has raised the question how phosphorylation on Ub chains affects DUB activities. [122] [123] [124] In order to shed light on the relation between Ub phosphorylation and the processing of Ub chains by different DUBs, Komander and coworkers prepared Lys63-linked poly-Ub chains, which were enzymatically phosphorylated at Ser65.
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Phosphorylation of the poly-Ub chain was found to inhibit most DUBs that were studied. For example, the activities of USP2, 8, 15 and 30 with the poly-phosphoUb were significantly decreased compared to the unmodified poly-Ub. Similar behavior was found for Ataxin3, a member of the Josephin family. In contrast, USP21 and vOTU hydrolyzed similarly both unmodified and phosphorylated poly-Ub chains. Using total chemical synthesis, our group prepared in addition to the unmodified Lys63-linked di-Ub chain, three forms of phosphorylated Lys63-linked di-Ub. These included a phosphorylated di-Ub chain at both Ub moieties, the distal or the proximal Ub at Ser65 (Fig. 9) . 123 The synthesis of the modified di-Ub chain was carried out using SPPS, NCL and ICL (Fig. 9) . Five building blocks were synthesized in which the combination of these fragments via NCL afforded four different Ub analogues. Subsequent ligation of the Ub analogues gave the unmodified and the phosphorylated di-Ub chains. Different forms of the phosphorylated di-Ub chains were checked with various DUBs and compared to the unmodified one. Interestingly, the hydrolysis of these chains was found to be dependent on the site of phosphorylation and the tested DUBs. For example, while USP2 and AMSH were both inactive towards the doubly phosphorylated di-Ub, with the singly modified one, AMSH exhibited great sensitivity to phosphorylation at the proximal site and was insensitive to phosphorylation at the distal site. On the other hand, USP2 was sensitive to phosphorylation at the distal site, but not to the proximal Ub. Although no evidence exists yet to support differential phosphorylation of Ub chains in cells, these synthetic analogues can be used as reagents to probe the recognition of DUBs to different Ubs within the chain. Di-Ub chains, where the isopeptide bond was replaced with the non-native bond, were also prepared and used to interrogate DUBs (Fig. 8) . Here the motivation is to simplify the synthesis of these targets and to generate stable analogues that might be 
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useful for various studies, such as structural analyses, binding studies and inhibition of DUBs. The Wilkinson group was the first to synthesize non-hydrolysable di-Ub chains based on the Lys11, Lys29, Lys48, and Lys63 linkages. 114 In this work, the Lys side chain at a selected position in the proximal Ub and Gly76 at the distal Ub were replaced by Cys. A reaction with the bi-functional reagent, dichloroacetone (DCA), was carried out to form the non-hydrolysable di-Ub chain (Fig. 8b) . These chains were found to inhibit various DUBs differently. For example, Lys29-linked di-Ub inhibited selectively IsoT, whereas the Lys11-, Lys29-or Lys48-linked di-Ub chains inhibited UCH-L3. This method of constructing non-hydrolysable Ub chains was extended to the synthesis of a Lys29-linked tetra-Ub chain that was immobilized to sepharose resin and served to reveal new protein interactors such as the yeast DUB Ubp14 (IsoT in human). 125 The interactions of a Ub chain with a particular UBD could lead to significant alterations in the chain conformation, suggesting differential dynamic behavior of Ub chains in the presence of various Ub-binding proteins. 126 To shed light on this aspect, Komander and coworkers prepared enzymatically Lys48-, Lys63-and Met1-linked di-Ub chains, which were labelled with fluorescence resonance energy transfer (FRET) dyes at the C-and N-terminus of the proximal and distal Ub, respectively. 127 The group used single-molecule FRET to show 127 On the other hand, in the case of Lys48-linked di-Ub, which is known to adopt a compact conformation, upon addition of USP21 the conformation of the chain changed from the compact to the semi-compact conformation. Together, these results support a major role of the dynamic changes in these chains on the activity and specificity of DUBs. Synthesis of di-Ub chains, which undergo cleavage by DUBs, yet bearing minimal modifications in the isopeptide bond linkage was also reported. Recently, Strieter and coworkers demonstrated the use of thiol-ene chemistry for the synthesis of all Lys-linked di-Ub chains. 111 To achieve this, the desired site of ubiquitination was replaced with Cys in Ub and allylamine functionality was introduced at the C-terminus of the other Ub using the UCH enzyme. To promote the thiol-ene reaction, the group used lithium acyl phosphinate (LAP) as a radical initiator, which led to the formation of di-Ub bearing a longer isopeptide bond due to the additional sulfur atom (Fig. 8d) . Tinkering with the isopeptide bond could affect the dynamics of the chains and its subsequent recognition by DUBs and other Ub binding proteins. 129, 130 In order to examine the influence of the new isopeptide mimic generated by thiol-ene chemistry, the Strieter group studied the structure and function of the non-native linkage in comparison to the native one. Specifically the group used small angle X-ray scattering (SAXS) and steady state kinetic analyses and showed that both native and non-native di-Ub chains share similar structures and comparable hydrolysis by DUBs. 131 In the latter study, the authors tested the modified chains with the known linkage specific DUBs, e.g. A20 (Lys48 specific) and AMSH (Lys63 specific), and found similar activities with these chains when compared to the native ones. Thiol-ene chemistry was also used to prepare branched Ub chains, a unique form of ubiquitination, which involves different Lys residues in the same Ub molecule (Fig. 8d) . 111, 132 This class of ubiquitination is not well characterized and the knowledge about the parameters that are important for its processing by DUBs (i.e. structure and connectivity) is still in its infancy. The processing of the Lys-Cys(6, 48), Lys-Cys(11, 48) and Lys-Cys(48, 63) branched Ub chains by IsoT, A20 and AMSH was tested. Surprisingly, both Lys-Cys (11, 48) and Lys-Cys(48, 63) were cleaved by A20, whereas no cleavage was observed with the Lys-Cys(6, 48) chain. 111 This suggests a possible new layer of selectivity by DUBs and further supports the presence of other unique regulatory mechanisms of the Ub signal in general. Future studies using similar synthetic tools could assist in unraveling these mechanisms and their importance in health and diseases. Fushman and coworkers reported the preparation of branched and mixed chains using the improved GOPAL approach. 133 The extent of the hydrolysis of Lys (11, 33) and Lys (11, 63) branched chains was compared with the mixed chain Lys(11, 33) using Ubp6 (USP14 in human). These chains exhibited similar processing when compared with the di-Ub analogues bearing the same linkages indicating no new mode of recognition of these branched/mixed chains by DUBs. For example, Ubp6 showed efficient hydrolysis of Lys11-linked di-Ub compared to the Lys33-linked di-Ub chain. In the case of Lys (11, 33) branched and mixed chains, the hydrolysis appeared to be efficient as indicated by accumulating di-Ub but to a lesser extent the monomeric Ub. These results suggest that Ubp6 processes the branched chain at Lys11 and much less at Lys33. Taken together, these studies with the unique forms of Ub chains show the high complexity of the Ub signal and the processing of Ub chains in general and the branched/mixed chains in particular. A better understanding of the processing of these unique forms of chains and their roles might be crucial for future design of inhibitors that target DUBs.
Synthesis of di-Ub ABPs
The development of various mono-Ub based ABPs has been useful in studying and unravelling new DUBs as described before in Section 2.3. However, these probes are based on mono-Ub and not Ub chains with different linkages, which are essential in the recognition and specificity of DUBs. The structures and the conformations of the Ub chains further dictate the specificity, as for example in the case of the Lys48 and Lys63 linkages, which adopts mainly closed and open conformation, respectively. The mode of cleavage i.e. exo vs. endo cannot also be studied using monoUb based ABPs. In order to address these key issues various di-Ub based ABPs were developed.
The first di-Ub ABPs were reported by Kessler and coworkers (Fig. 10a) . 134 In this approach, the authors modified the proximal Ub with azidohomoalanine, in any of the Lys positions or the N-terminus, while the distal Ub was modified with the alkyne functionality. Using Cu(I)-mediated click chemistry, the 8 di-Ub ABPs were prepared and compared with HA-UbVME and HA-UbPrg in the labelling of DUBs in the cell extract. With the monomeric Ub ABP, a broad labelling spectrum with less selectivity across DUBs was observed. In the case of di-Ub ABPs, the labelling was more specific. It was also found that many DUBs exhibited preference to non-canonical linkages over the canonical one. For example, Ataxin3 was selectively labelled with the Lys29-linked di-Ub probe. One has to note that these types of ABPs have major perturbations in the isopeptide bond, which could affect the labelling patterns and as a result this may lead to incomplete knowledge about the studied systems. This study, nevertheless, promoted the developments of di-Ub based ABPs with minimal perturbations in the isopeptide bond and its vicinity. Zhuang and coworkers reported the synthesis of two di-Ub ABPs, where Lys48Cys or Lys63Cys mutations were introduced in the proximal Ub. 135 The distal Ub with a reactive handle containing acetyl bromide was made by reacting Ub-MES with a ketal protected amine linker (Fig. 10b) . Deprotection of the ketal followed by the displacement of the bromine by Cys48 or Cys63 from the proximal Ub afforded the required di-Ub probes. The reactivity and the selectivity of these probes with USP2, 7, 8, 21, UCH-L1 and OTUB1 were studied and compared with HA-UbVME. The USPs showed similar activities with both di-Ub probes, where UCH-L1 showed a very weak activity and OTUB1 was selectively labelled by the Lys48-based di-Ub probe, but did not react with the Lys63-based di-Ub probe. Our group reported dehydroalanine (DHA) based di-Ub probes employing total chemical synthesis and taking advantage of a late stage conversion of Cys to DHA using 2,5 dibromohexanediamide (Fig. 10c) . 136 To achieve this, orthogonally protected Lys with Dde was incorporated at the position 48 or 63 in the proximal Ub. Deprotection of the Dde protecting group followed by incorporation of Cys enabled NCL with the Ub (1-75) thioester. Subsequently, this Cys was converted to DHA to afford the required di-Ub probes. Six DUBs, specifically USP2, IsoT, OTUB1, OTUB2, OTULIN and CYLD, were screened using both di-Ub probes, which reacted with the specific probe according to their known selectivity. Similar to the DHA approach, the Ovaa group prepared all seven di-Ub probes (Fig. 10d) . 137 In order to maintain the isopeptide linkage length, mutation of Lys to diaminobutyric acid (Dab) was employed with the side chain protected with the allyloxycarbonyl group (Alloc). After the assembly of proximal Ub on resin, the Alloc group was deprotected and the thiolincorporated amino acid was coupled to provide the thiol handle and enable NCL with the Ub-thioester (Fig. 10d) . The resulting thiol after ligation was eliminated using 2,5-dibromohexanediamide to generate the Michael acceptor along the peptide backbone. Using Lys11-and Lys48-linked di-Ub ABPs, the labelling of USP8 and Cezanne was demonstrated. It was found that both probes label USP8, whereas the selective labelling of Cezanne was observed using the Lys11-over Lys48-linked di-Ub ABPs.
Having the di-Ub ABPs described above, the field is now equipped with novel tools that will lead to new applications and discoveries related to DUBs that might be difficult, or impossible, to achieve with the mono-Ub based ABPs. Notably, using similar approaches one could also generate similar probes based on Ub or Ub chains linked to protein substrates, which is the expected future step in this field.
The effect of the Ub chain length on DUBs
Different studies, which highlight the importance of the Ub chain length on DUB substrate preference mostly as a recognition element for degradation via the proteasome, have been reported. Morgan and coworkers studied the influence of the chain lengths of Lys48-linked Ub chains on the activity of various DUBs.
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Ubp15 (USP7 in human) was found to cleave efficiently monoand di-Ub chains but was sluggish towards the longer Ub chains. In order to test if the structure of the longer chain is responsible for the observed slower rate of hydrolysis, the authors mutated Ile44 in the hydrophobic patch of Ub to Ala, which resulted in the disruption of Lys48 poly-Ub chain conformation and subsequently enhanced the hydrolysis of the chain. These results indicate that the conformation adopted by the specific chain, which is influenced by the chain lengths, is a key factor in dictating the hydrolysis efficiency of DUBs and the subsequent biological outcome. Recently, Bavikar et al. reported the synthesis of a tripeptide linked to mono-, di, tri-and tetra-Ub chains, linked through Lys48 or Lys63. 90 The authors used these constructs to study systematically UCH-L3 and IsoT preference toward a defined length of the chain. UCH-L3 is known to cleave small adducts from the C-terminal of Ub, yet the effect of the chain length on its activity was not studied before. Interestingly, UCH-L3 was found to cleave the tripeptide in all cases with a slight preference to the shorter chains and for the Lys63-over Lys48-linked Ub chains. Taken together, these studies showed that the combined effects of the chain length and conformation could influence the hydrolysis by DUBs.
Synthesis of ubiquitinated proteins
With several advancements in the chemical and semisynthetic approaches to access Ub conjugates, it is now possible to prepare ubiquitinated proteins having Ub chains with defined linkages and lengths in high homogeneity and workable quantities. 130, [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] Such conjugates have enabled various important studies including, for example, proteasomal degradation and how DUBs perform their function at the molecular level.
Very recently, the Brik and Wolberger group used synthetic ubiquitinated H2B to study the structure of the DUB module (Ubp8/Sgf11/Sus1/Sgf73) of Spt-Ada-Gcn acetyltransferase (SAGA) bound to the monoubiquitinated nucleosome core particle (NCP-Ub) (Fig. 11a) . 148 This study provided, at the atomic level, a first glance on the selective removal of Ub from H2B-Lys120 by a SAGA DUB module. To prepare the ubiquitinated histone, H2B-Lys120Cys and Ub-Gly76Cys were expressed and crosslinked using DCA to afford the H2B-Ub having the nonhydrolysable DCA linkage (Fig. 11b) . The NCP containing two H2B-Lys120Ub and the SAGA-DUB module was crystallized and solved at 3.9 Å resolution (Fig. 11a) . Interestingly, this structure revealed that Ub makes no contacts with the nucleosome by pointing outward in order to be more accessible for the DUB module. Moreover, the conserved acidic patch on H2A/H2B (H2A-Glu61, Glu65 and H2B-Glu107) and the C-terminal helix of H2B in the nucleosome makes contacts with the USP domain of Ubp8 and Sgf11 zinc finger (Arg78, 84 and 91). However, due to the resolution limits the interactions of the Arg side chains of the Sgf11 zinc finger with H2A/H2B-Ub have to be modeled to shed light on the importance of these residues on binding. In addition, in vitro Ala mutations of the Arg cluster in Sgf11 revealed that three out of the six Arg residues (Arg78, 84 and 91) are important for the cleavage of H2B-Ub in the NCP. Moreover, mutations of the acidic path residues of H2A/H2B showed that H2A-Glu65 is the most important residue for the DUB activity. In contrast, mutations in Ubp8 including Tyr233Phe, Arg374Glu or Arg374Ala have minimal effects on the DUB activity, suggesting an upper hand of Sgf11 in recognizing specifically the substrate.
Notably, these biochemical studies were performed using H2B-Lys120Ub with the native isopeptide linkage that was prepared in large quantities using semisynthesis (Fig. 11c) . To prepare this native analogue of ubiquitinated H2B, the expressed H2B(2-113)-thioester was ligated with the complementary part, H2B (114) (115) (116) (117) (118) (119) (120) (121) (122) , bearing N-terminal Cys and orthogonally protected d-mercaptolysine at position 120. Unmasking Thz, followed by ICL and desulfurization gave the desired H2B-Lys120Ub with the native isopeptide bond (Fig. 11c) . Using this native substrate, it was also found that the chaperon that mediates H2A/H2B dimer eviction and nucleosome assembly, FACT (Facilitates Chromatin Transcription), does not have an effect on the deubiquitination of H2A/H2B-Ub, whether the ubiquitinated heterodimer is part of the nucleosome or not. Taken together, the study showed that deubiquitination of H2B-Ub by the SAGA DUB module could occur at various stages of nucleosome assembly and disassembly.
Until recently it was speculated that in order for the substrate to be degraded by the proteasome, a protein must be ubiquitinated with longer chains having at least four Ubs. 149 However, it has been shown that mono-ubiquitination may also target the protein for degradation. 139 In this regard, Ciechanover and coworkers studied the hypothesis that mono-Ub can target proteins for proteasomal degradation and tested the relation between the size of the protein that is degraded and the length of the Ub chain. 139 Synthesizing ubiquitinated peptides having different lengths, derived from H2B histone, supported that a minimum of 20 residues is required for targeting monoubiquitinated peptides by the proteasome. Polypeptides with more than 150 residues were found to be stable for degradation in the case of mono-ubiquitination and required a poly-Ub chain in order to be degraded by the proteasome, both in vitro and in cellular contexts. Deletion of Rpn10, a proteasome associated DUB in yeast, which is known to be involved in the recognition of Ub by the proteasome, was found to be critical for the degradation of mono-ubiquitinated peptides up to 150 residues, but did not influence the stability of larger polypeptides. This gives further support that Ub recognition by the proteasome machinery is the main factor for degradation. Several examples were given, including stable mono-ubiquitinated GFP, small-medium naturally occurring proteins, such as cyclin-dependent kinases regulatory subunit 2 and a-synuclein. The latter was prepared using semisynthesis employing d-mercaptolysine mediated ICL between a-synuclein and the Ub-thioester. 142 In vitro results clearly showed the efficient degradation of mono-ubiquitinated a-synuclein, supporting the hypothesis on the proteasome ability to degrade mono-ubiquitinated proteins with up to 150 residues. 139 In order to test the effect of different lengths of Ub chains on the proteasomal signaling, our group described the semisynthesis of di-and tetra-ubiquitinated a-synuclein, 140 where the ubiquitination takes place in site specific manner using d-mercaptolysine at the desired position (Lys12) in a-synuclein. Assaying of the degradation of mono-, di-and tetra-ubiquitinated a-synuclein in a crude cell extract, which contains the entire pool of cellular DUBs, exhibited different behavior of the proteasome toward the different lengths of Ub chains. Whereas in the case of mono-ubiquitination the Ub moiety was cleaved by DUBs before degradation, the diand tetra-ubiquitinated a-synuclein were resistant to the pool of DUBs and underwent proteasomal degradation. This could be as a result of the compact structure of the poly-Ub chains and their resistance to cleavage by DUBs, as previously suggested by Morgan and coworkers, 138 hence making the protein with the longer chains more prone to degradation by the proteasome.
DUB assays
Having seen the importance of DUBs in cellular contexts and their roles in various signaling processes and diseases, it is now evident that DUBs could be promising drug targets. In order to study the kinetics of DUBs and identify inhibitors for some members of these enzymes one has to develop robust assays, which can be prepared in large quantities as well as enable straightforward high throughput screening (HTS). Toward this goal, novel approaches have been developed and selected examples are documented in this section. The early approaches of monitoring DUB activities started with the Ub-amino-4-methylcoumarin (Ub-AMC) assay, where the C-terminus of Ub is attached with the AMC fluorophore using the transpeptidation approach (Fig. 12a) . 150 Upon incubation with the specific DUB the fluorophore is cleaved, which enables subsequent readout of the emission of AMC at 460 nm (l ex = 380 nm). The field has then geared up and the high utility of this substrate led to its commercialization for various uses, among them is the HTS of libraries of small molecules. One of the main drawbacks in using the Ub-AMC assay is the excitation wavelength (380 nm), which makes it less suitable for compounds that absorb or emit at this range. Moreover the fluorophore is attached at the C-terminal of Ub through an aromatic amide whereas most of DUBs cleave an isopeptide linkage. In order to address these concerns, a rhodamine-based fluorescent polarization technique was employed by linking TAMRA to the Lys a-amine group or the N-terminus of a peptide, linked to Ub. 151 Moving from AMC to TAMRA allows shifting of the excitation wavelength from 380 nm to 540 nm (Fig. 12b) . To prepare this substrate, a peptide derived from the surrounding residues of Lys48 in Ub was synthesized via SPPS, followed by coupling of the TAMRA fluorophore. Using E1-E2, the TAMRA conjugated peptide or Lys(TAMRA) was ligated to Ub having the Lys48Arg mutation to afford the desired substrate. In order to increase the molecular weight of the substrate and enable a large shift in fluorescence polarization between the cleaved and non-cleaved Ub, sizable tags like NusA proteins were attached to the N-terminus of Ub. Recently, Ovaa and coworkers devised a new synthesis by using d-mercaptolysine mediated ubiquitination of labelled peptides with the Ub-thioester to overcome the tedious enzymatic approach to prepare this substrate. 152 Despite the fact that Lys(TAMRA)-Ub was used to perform HTS, its moderate dynamic range of fluorescence polarization further demanded improvement in developing assays with higher efficacy. An assay, which utilizes the yellow fluorescent protein and terbium FRET pair, was also reported. 153 This approach requires a tedious enzymatic process thus limiting the utility of this method for broad applications. A reporter-based approach was developed for the preparation of new substrates, where the C-terminus of Ub was fused with phospholipase A 2 (PLA 2 ) (Fig. 12a) . 154 In this conjugate, the activity of PLA 2 is blocked since it requires the free amine. Short incubation with the DUB releases the active form of PLA 2 , which then cleaves its substrate NBDC6-HPC (1-hexadecanoyl-sn-glycero-3-phosphocholine) to NBD, leading to the release of a fluorescence signal. The same group utilized this assay for HTS against USP7, 155 however the method could not distinguish often whether the View Article Online compounds inhibited USP7 or the PLA 2 itself, which limits its broader applicability. 156 Ulrich and coworkers came up with a rhodamine based fluorescence assay, which was demonstrated for USP2 and UCH-L3 (Fig. 12a) . 157 The required probe was prepared using the intein approach, where a reaction of Ub-MES with bisglycyl-rhodamine110 gave the desired substrate. Upon DUB cleavage, it leads to the release of a rhodamine-Gly unit that emits fluorescence following irradiation at 485 nm. Since the resulting fluorescence is quite intense, the sensitivity to measure the turnover of a few hundred femtomoles is possible. This further served as a substrate for HTS to identify inhibitors against USP1. 158, 159 Aminoluciferin (AML) based luminescence substrates were developed by Promega and subsequently improved by the Strickler group to obtain Ub-aminoluciferin (Ub-AML) (Fig. 12a) . 160 The high sensitivity and clean background makes this assay quite suitable for HTS, though the external addition of luciferase is needed. Aminoluciferin derivatives of SUMO2 and NEDD8 were also demonstrated as sensitive substrates for deSUMOylases and deNEDDylases, respectively; however the system is not yet widely explored.
Various substrates that were used to monitor DUB activities thus far rely on the modification of the C-terminus of Ub (i.e. Ub-AMC, Ub-AML, etc.). 150, 153, 154, 157, 160 As mentioned before, ubiquitinated peptides labelled with TAMRA having the isopeptide bond in these substrates were explored and prepared semisynthetically. 151, 152 Our group reported new substrates containing the isopeptide bond in very good yields using our expeditious synthesis approach described in Section 2.4 ( Fig. 12b) . 161 The design of the substrate included the labelling of the ubiquitinated peptide with the quenching pair 7-methoxycoumarin (MCA) as a donor and 2,4-dinitrophenyl (Dnp) as an acceptor. Here, the donor molecule was anchored to the N-terminus of a 6-mer peptide and the acceptor molecule to Ub. For the attachment site on Ub, Asp52 was found to be appropriate since it is in a good distance from the MCA and also in a solvent exposed area. Excitation at 325 nm and the detection of the fluorescence emission at 445 nm allowed the monitoring of the activities of several DUBs.
Despite that the synthetic substrate for the assay can be prepared in tens of milligram quantities, it is still very important to have the most efficient substrate. Further optimization of the substrate was made through Ala screening of the 6-mer peptide, which enabled us to obtain better substrates for USP2 and USP7 with two-fold increase in the binding affinities. 162 Despite modest improvement, this allows us to use this synthetic substrate more efficiently in the screening of large libraries of small molecules. Efforts made to optimize this substrate by tinkering with the isopeptide bond and modifying the amide unit with the N-hydroxy group did not lead to improvements in hydrolysis by various DUBs. 163 It is noteworthy to mention that the assays developed above can be extrapolated straightforwardly for other Ubl proteins like SUMO and NEDD8, which makes these chemical tools broadly applicable.
DUB inhibitors
The emerging knowledge on the role of DUBs in various diseases like cancer, neurodegenerative and infectious diseases has made them promising and attractive drug targets. The various assays, which were developed to monitor DUBs, were also utilized in order to search for potent and selective inhibitors against disease associated DUBs. Various small molecules and Ub based inhibitors are briefly discussed in this section with selected examples. The reader is also encouraged to refer to other excellent reviews dedicated solely to this aspect. [164] [165] [166] [167] [168] 
UCH-L1
The involvement of UCH-L1 in various neurodegenerative diseases like Parkinson's makes it a potential drug target. The first successful inhibitor against UCH-L1 was found using a chemical genetics approach by screening 42 000 drug-like compounds employing the Ub-AMC assay. 169 Detailed structure activity relationship (SAR) study of the hits led to the identification of the isatin O-acyl oxime derivative, 1, as the most potent and selective inhibitor for UCH-L1 (Fig. 13) . Through various control experiments it was also shown that 1 is a competitive and reversible inhibitor. In particular, it was shown that 1 is a selective inhibitor to UCH-L1 over UCH-L3, despite the fact that these DUBs share 52% sequence homology.
USP1
USP1 exerts its biological function as a USP1/UAF1 protein complex. As mentioned earlier, USP1 regulates DDR and hence becomes an attractive target for cancer therapy and prompted the search for potent and selective inhibitors against it. 53 Using the Ub-Rho110 assay, 9625 compounds were screened.
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Among the 42 hits, five compounds were chosen based on the additional inhibitory activity of these compounds in the hydrolysis of the Lys63-linked di-Ub chain. In this study, compounds 2 and 4 ( Fig. 13) were identified as inhibitors with IC 50 values of 2 and 5 mM, respectively, and exhibited good selectivity for USP1/UAF1 compared to USP2, 5, 7, 8, 46/UAF1, UCH-L1 and UCH-L3 (Fig. 13) . It was also found that 2 and 4 are reversible and noncompetitive inhibitors. Cellular studies with these inhibitors revealed increased levels of USP1 substrates including mono-ubiquitinated PCNA and FANCD2. The same group further developed compound 3 ( Fig. 13) as a highly potent and selective inhibitor for USP1/ UAF1. This compound exhibited IC 50 values of 76 nM, 174 nM and 820 nM when using Ub-Rho110, Lys63-linked di-Ub and Ub-PCNA assays, respectively. 159 In addition, it was found to be a reversible and allosteric inhibitor without disrupting the USP1/UAF1 complex and inhibits deubiquitination of PCNA and FANCD2 in cells. When tested against a panel of 18 DUBs, SENP1, NEDP1 (deNEDDylase), 70 unrelated proteases and 451 kinases, 3 exhibited very weak activity in all these systems. Due to the rapid metabolism of this compound (T 1/2 of 15 min) by oxidative removal of the benzyl group and the hydroxylation of the isopropyl group, it requires further development for potential uses as a drug candidate. 170 The inhibitor of the DNA binding 1 protein (1D1) is needed for the proliferation of many cancer cells. 171 In the presence of USP1, 1D1 is rescued from proteasomal degradation. Hence, inhibition of USP1 could lead to 1D1 degradation, which in turn can kill cancer cells. In this regard, Mistry et al. found the paraquinone based tricyclic compound 5 as an inhibitor of USP1 with IC 50 = 0.88 mM (Fig. 13) , through HTS of about 150 000 compounds. 172 Later it was found that the defluoro analogue of 5 is a more potent analogue (IC 50 = 0.544 mM), which promotes the degradation of ID1 and is cytotoxic in leukemic cells.
USP7 and USP47
The interactions of USP7 with several viral proteins and its deubiquitination of various substrates like MDM2 and p53 have made USP7 as a promising target for several diseases. 58 USP47, a closely related DUB to USP7, is also an emerging target in cancer due to its role in decreasing the DNA polymerase b. 156, 173 Among the 65 092 compounds, which were screened using the Ub-AMC assay and conventional medicinal chemistry optimization, cyano-indenopyrazine, 6, was found to be a potent, uncompetitive and reversible inhibitor with IC 50 = 424 nM against USP7 (Fig. 13) . 174 The same group reported other structurally different USP7 inhibitors (7 and 8, Fig. 13 ), which were found to achieve their inhibition through a covalent mechanism, yet with a low activity. 175 Another study using the HTS Ub-PLA 2 reporter assay revealed the trisubstituted thiophene based inhibitor 9 for USP7 with a moderate potency (EC 50 = 4.2 mM), 155, 176 but with very good selectivity for USP7 within the selected DUBs and Cys proteases (Fig. 13) . Later studies revealed that it also inhibits USP47 with equal potency. 156 The target for the inhibitor was further confirmed in cells by conducting cell labelling studies with Ub-VME and also through USP7 knockout animal model experiments. Detailed in vitro and in vivo studies with compound 9, P5091, suggested that USP7 based inhibitors could offer a potential platform to treat multiple myeloma. 155 Further medicinal chemistry optimization of 9 led to the identification of compound 10 ( Fig. 13) , which exhibited increased potency for USP7 (0.42 mM) and USP47 (1.0 mM). 
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The use of ABP to monitor the activity and selectivity of discovered inhibitors 175 in cellular contexts has also been shown by the Kessler group. 176, 177 In this work, the authors developed a competitive assay where cells were incubated with inhibitors 11 or 12 ( Fig. 13 ), followed by labelling the cell extract with HA-UbBr2 or HA-UbVME. Through this study the group demonstrated that compound 11 is a broad selective DUB inhibitor whereas compound 12 is selective for USP7 and USP47 in the cell extract. In addition to the activity and selectivity information one could obtain when using ABP, it is also possible to learn whether the inhibitors are cell permeable and also screen fluorescent inhibitors, which are difficult to study using fluorescent-based assays.
USP14
As mentioned earlier, three DUBs, namely Rpn11, UCH37 and Ubp6 (USP14 in human), are present in the proteasome regulatory part and are associated with its function. It is believed that Rpn11 cleaves the Ub chains from the substrate in the proximal end, whereas UCH37 and Ubp6 are involved in chain trimming by removing mono-Ubs and di/tri-Ubs from the distal end, respectively. 6 It has been proposed that Rpn11 exhibits its action only when the substrate is 'committed' for degradation whereas the action of the other DUBs can antagonize proteasomal degradation. 6 Hence, inhibition of USP14 could lead to efficient substrate degradation. In this context, Lee et al. screened 63 052 compounds using the Ub-AMC assay and found the highly substituted pyrrole 13 ( Fig. 13) as the potent inhibitor against USP14 (IC 50 = B5 mM) with high selectivity among the 8 DUBs screened. 178 Interestingly, compound 13 is active when USP14 is in the active state i.e. part of the proteasome, whereas it did not show any activity in the absence of the proteasome. When examining the effect of this inhibitor on Tau and TAR DNA binding proteins (TDP-43) (involved in neurodegenerative disease), it was found that in the absence of 13 this leads to the accumulation of these substrates, whereas in the presence of 13 these proteins were degraded by proteasomes.
USP30
Upon ubiquitination of the damaged mitochondria by PARKIN (PARK2) and PINK1, a protein kinase leads to mitophagy, where USP30 is localized and antagonizes this process. 179 Hence, it has been found that the overexpression of USP30 leads to the accumulation of damaged mitochondria, which is associated with Parkinson's disease, making USP30 a potential therapeutic target. Yue and coworkers reported the natural product 15-oxospiramilactone 14 as an inhibitor for USP30, which was selected from a 300 compound library (Fig. 13) . 180 Upon treatment with 2 mM of 14, 80% of mitochondrial elongation was observed in the mitofusion-1 knockout cells supporting the role of USP30 in this process.
Inhibition of DUBs by reactive oxygen species
Recently several studies showed that DUBs are susceptible to oxidation when exposed to exogenous hydrogen peroxide. [181] [182] [183] It is well known that Cys residues in cellular proteins can be modified by reactive oxygen species (ROS) and undergo oxidation to different levels, such as sulfenic acid (-SOH), sulfinic acid (-SO 2 H) or sulfonic acid (-SO 3 H) (Fig. 14a) . 184 Huang and coworkers demonstrated the oxidation of the active site Cys of several DUBs in cells for the first time. 181 Testing USP1 with exogenous hydrogen peroxide led to the accumulation of monoubiquitinated PCNA, which plays a critical role in overcoming DNA damage. It has been shown that a cyclic 1,3-dione based probe can detect sulfenic acid in proteins in the cellular environment (Fig. 14b) . 185, 186 Utilizing this probe, the authors found that the catalytic Cys in USP1 was oxidized to sulfenic acid in the cell extract. Furthermore, active site mutation in USP1 did not show any reaction with this probe, and with UbVME ABP, further supporting the site of oxidation as the catalytic Cys. This type of inhibition was further tested and found to be reversible, where the addition of reducing reagents such as dithiothreitol (DTT) regains the activity of the oxidized DUB. In another study by Komander and coworkers it was reported that the active site Cys of A20 from the OTU family undergoes reversible oxidation in vitro and in the cellular environment. 101 Here, the reversibility of the oxidation was also demonstrated by incubating A20 with elevated concentrations of DTT, which reduces the sulfenic acid to the active thiol. Interestingly, incubating A20 with a high concentration of hydrogen peroxide led to irreversible oxidation states i.e. sulfinic or sulfonic acid. From the crystallographic studies of A20 in different oxidized forms, the group found that even the unstable sulfenic acid form was stabilized by hydrogen bonds around the catalytic core, which demanded a large excess of hydrogen peroxide to undergo further oxidation.
In a parallel study by Lee et al. it was further demonstrated that the oxidation of Cys to sulfenic acid in DUBs is reversible when treated with DTT. 183 In addition, the formation of a reversible cyclic sulphenyl-amide intermediate in USP19CD, formed by the attack of the nearby amide nitrogen on the sulfenic acid, was also observed in mass spectrometry. Based on the previous studies and computational modeling they proposed that Ser510 in USP19CD is the residue that is involved in such an intermediate. Ser510Gly mutation prevented the formation of such an intermediate, which leads to irreversible oxidation of USP19CD upon hydrogen peroxide treatment. Importantly, the susceptibility of DUBs to undergo oxidation was found to be associated with its activity. Some DUBs undergo transition from non-productive to productive conformation upon substrate binding. 17 This leads to lowering of the pK a of the active site Cys, hence making it more prone to oxidation. For example, USP7, which is known to adopt a disordered active site in the absence of Ub, did not exhibit sensitivity to oxidation in this conformation. Nevertheless increasing the pH of the reaction led to increased sensitivity of the active Cys to hydrogen peroxide. Similar results were also obtained for UCH-L1. Using our in-house developed assay 161 our group identified b-lapachone, 15 (Fig. 14c) , an orthoquinone based natural product, as a potent inhibitor for USP2, which is associated with aggressive prostate cancer. 187 Interestingly, b-lapachone is known to generate ROS and has been in clinical trials against several kinds of cancers, however the proposed mode of action has not been associated with the inhibition of any DUB. 188 Further studies on the mechanism of action of b-lapachone, including LC-MS analysis, ABP assay, reducing agent treatment and enzyme mutation, revealed that the mode of inhibition is via irreversible oxidation of the USP2 active site Cys to the sulfinic acid form (Fig. 14c) . 187 b-lapachone was also found to inhibit USP1 and UCH-L3, but to a lesser extent USP7 and UCH-L1, due to their unproductive catalytic state. The above-mentioned studies depict that DUBs could be modulated and regulated by oxidative stress. The proof of concept that ROS generating compounds can be employed to inhibit DUBs was also exemplified. These new insights could be useful for future development of novel inhibitors against DUBs.
Protein based inhibitors
The development of small molecule based inhibitors against a desired DUB could lead to cross reactivity of closely related DUBs and other enzymes. In order to achieve more selective inhibition, engineering of Ub based inhibitors aided by computational approaches and phage display technologies has also been demonstrated.
Using computational macromolecular modeling (Rosetta Design), Corn and coworkers chose seven positions around the b1-b2 loop in Ub (Thr7, Leu8, Ile13, Glu34, Ile36, Leu69 and Leu71) to create Ub variants with high conformational variability (Fig. 15) . 189 Sixty-nine unique sequences were made using the phage display technology, among those 62 clones were disulfide based and 7 are non-disulfide based Ub variants. U7Ub7 (disulfide) and U7Ub25 (non-disulfide) were obtained as the first hits with binding affinities to catalytically inactive USP7 (USP7-CD*) of 225 nM and 141 nM, respectively. Further affinity maturation studies using U7Ub25 revealed U7Ub25.2540 as the tightest binder of USP7-CD* with a K D of 56 nM (Fig. 15) . Within the panel of the screened DUBs both U7Ub7 and U7Ub25.2540 exhibited activity against USP5 and USP7. U7Ub25 inhibited the full length USP7 and USP5 with IC 50 values of 250 nM and 373 nM, respectively, whereas U7Ub25.2540 inhibited USP7 and USP5 with 160 nM and 251 nM, respectively. Similar results were also reflected in the cell based studies. Interestingly, truncation of the first two Gly residues in U7Ub25 (U7Ub25DGG) completely abolished the activity against USP5, whereas the activity for USP7 was retained. A similar trend was obtained with U7Ub25.2540DGG in the cell-based study. Sidhu and coworkers also generated a library of Ub mutants using phage display library and found highly potent and selective inhibitors against several DUBs. 190 The Ub:USP21 crystal structure revealed that B75% of binding interactions falls in the non-conserved region of the USP family. Based on this observation and for the generation of a library containing Ub variants, B30 residues were chosen, which make contacts between Ub and USP21 (Fig. 15) In addition to this, they found several Ub variants for the selective binding to specific DUBs. This study was combined with structural analyses of the new Ub variants and the specific inhibited DUB, which explained the acquired specificity at the molecular level. From structural analyses one could see, for example, that the Ub mutants appear to make key contacts with the non-conserved region in the USP family, hence accounting for the observed specificities. We envisaged that such highly specific Ub variants could be utilized in the design of activity based probes, assays, and ubiquitinated substrates for various studies. 
Summary and outlook
Motivated by the emerging important roles of DUBs in health and disease, various synthetic tools have been developed to support the research community with unique substrates that are difficult to obtain otherwise and assist in unraveling the mysteries of DUBs. The possibility of different anchoring sites in Ub, which results in Ub chains having different lengths and various conformations, not only increases the complexity of ubiquitin signaling but also lays a complex platform for the selective recognition and processing of Ub conjugates by DUBs. The continuous efforts made to understand the significance of DUBs in various cellular functions have validated that the aberration in DUB functions leads to various diseases such as cancer. The substantial growth in the field of protein synthesis and semisynthesis, 78, [191] [192] [193] which allow site selective protein manipulations, made it now possible to prepare a variety of reagents of interest for studying DUBs. In this regard, the synthesis of homogenous free Ub chains as well as proteins that are site specifically modified with Ub or a specific Ub chain with a defined length and linkage has enabled performing several biochemical studies for better understanding the specificity and structure of important DUBs. Recent discoveries that Ub is also modified by PTMs such as acetylation on Lys6 and Lys48 as well as phosphorylation at multiple sites, such as Ser57 and Ser65, have raised several questions and brought more mysteries to the ubiquitin signal in general and deubiquitination in particular. 124 Many of the enzymes that carry out and remove these PTMs are still unknown rendering the enzymatic preparation of related analogues based on Ub difficult. Thus chemical and semisynthesis approaches can be instrumental to prepare these analogues and assist in unraveling unknown aspects of these marks. Several Ub-based ABP and di-Ub ABP reagents have been developed and are being utilized in identifying new DUBs and unraveling their structures and functions. Moreover, these ABPs can be useful to study the selectivity profile of DUBs in cellular contexts. In addition, the ability to prepare Ub conjugates labelled with a fluorophore at desired positions made it possible to screen a large number of libraries of small molecules and bring novel inhibitors for DUBs with therapeutic potentials. This area is relatively still underdeveloped as evident by the discovery of only a few scaffolds as potential leads and the lack of inhibitors in advanced clinical trials. One of the challenges is to achieve the desired selectivity in a pool of cysteine proteases. Though the road towards the development of drug candidates is far, there are ample opportunities to develop more novel inhibitors against a selected DUB through more rational medicinal chemistry design coupled with the development of unique reagents to study the activities of DUBs in vivo. In addition, the learned lessons from the general field of protein-protein interactions in developing inhibitors that target large surfaces could be also exercised in the design of novel inhibitors against DUBs. 194, 195 In addition to ubiquitination and deubiquitination, protein modification by Ub like modifiers such as SUMO and NEDD8 also takes place simultaneously. 196 In addition to this, mixed forms of Ub and Ubl modifiers have recently also been reported and their biological significance in the signaling process is still relatively unexplored. 197 We believe that the tools thus far developed can be further extended to these systems and assist in studying also the reverse process of these modifications similar to DUBs. In all these studies organic chemistry will continue to be an essential part in offering new reagents ranging from small molecules to large proteins.
